G protein-coupled receptor 54 (GPR54), the key receptor for the neuropeptide hormone kisspeptin, plays essential roles in regulating puberty development and cancer metastasis. However, its role in the antiviral innate immune response is unknown. We report that virus-induced type I interferon (IFN-I) production was significantly enhanced in Gpr54-deficient cells and mice and resulted in restricted viral replication. We found a marked increase of kisspeptin in mouse serum during viral infection, which, in turn, impaired IFN-I production and antiviral immunity through the GPR54/calcineurin axis. Mechanistically, kisspeptin/GPR54 signaling recruited calcineurin and increased its phosphatase activity to dephosphorylate and deactivate TANK [tumor necrosis factor receptorassociated factor (TRAF) family member-associated NF-κB activator]-binding kinase 1 (TBK1) in a Ca 2+ -dependent manner. Thus, our data reveal a kisspeptin/GPR54/calcineurin-mediated immune evasion pathway exploited by virus through the negative feedback loop of TBK1 signaling. These findings also provide insights into the function and cross-talk of kisspeptin, a known neuropeptide hormone, in antiviral innate immune response.
INTRODUCTION
As the first defense against invading viruses, the innate immune system initiates a series of signaling events inducing type I interferon (IFN-I) through pattern recognition receptors, which mainly include the Toll-like receptor (TLR) family, the retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) family, and cytoplasmic DNA receptors (CDRs). Among them, TLR3, TLR7, TLR8, and TLR9 detect viral nucleic acids in the endosome, whereas RLRs and CDRs sense viral nucleic acids in the cytoplasm (1) . The released IFN-I further activates downstream signaling pathways that lead to the transcriptional induction of hundreds of IFN-stimulated genes to elicit a systemic antiviral response through various mechanisms (2) . Insufficient IFN-I production causes chronic infection, whereas excessive IFN-I leads to unwanted tissue damage (3) . Thus, IFN-I signaling must be spatially and temporally orchestrated to avoid immune dysfunction.
TANK [tumor necrosis factor receptor-associated factor (TRAF) family member-associated NF-κB activator]-binding kinase 1 (TBK1) is a central player in initiating IFN-I and the antiviral innate immune response to both RNA and DNA viruses (4) . TBK1 activation is tightly regulated by posttranslational regulation such as protein phosphorylation and ubiquitination. For example, upon viral infection, TBK1 undergoes self-association and autophosphorylation at Ser 172 with the help of glycogen synthase kinase-3 (GSK3) (5) . TBK1 can also be activated through K63-linked ubiquitination mediated by MIB1 (mind bomb E3 ligase 1), MIB2 (6) , NRDP1 (neuregulin receptor degradation protein 1) (7) , or RNF128 (ring finger protein 128) (8) .
Furthermore, the activation of TBK1 is also negatively regulated by the phosphatases PPM1A (protein phosphatase magnesium-dependent 1A) (9, 10) , PPM1B (11) , and PP4 (12) , as well as the deubiquitinating enzymes CYLD (cylindromatosis) (13) and USP2b (ubiquitin-specific protease 2b) (14) . However, the regulation of TBK1 by extracellular hormonal signals and membrane receptors is poorly understood.
As the most diverse class of sensory receptors, G protein-coupled receptors (GPCRs) can recognize many extracellular stimuli, such as neurotransmitters, hormones, ions, amino acids, and even light (15, 16) . Many GPCRs play an important role in surveillance and modulating the immune response. Apart from the classic chemokine receptors, more and more GPCRs including free fatty acid receptors (17) , purinergic receptors (18) , adenosine receptors (19) , dopamine receptors (20) , and bile acid receptors (21) have been found to play nonredundant roles in the immune response. However, relatively little is known about the GPCRs involved in antiviral immune response. As a classic GPCR, GPR54 was not only discovered as a suppressor of cancer metastasis (22) but also controls the development of puberty and the reproductive system (23, 24) . Binding of the GPR54 ligand kisspeptin results in the activation of different downstream pathways, including the G q /intracellular calcium ions (Ca 2+ ), mitogenactivated protein kinase, and phosphatidylinositol 3-kinase/AKT pathways, in a tissue-specific manner (25) . Several papers have suggested a role for kisspeptin/GPR54 in immune regulation in response to lipopolysaccharide (LPS)-induced immune stress (26) or during pregnancy (27) . However, the role of kisspeptin/GPR54 in innate immunity and host defense against infection by viral pathogens remains unknown.
Here, we demonstrated that kisspeptin/GPR54 signaling forms a negative feedback loop to limit TBK1 signaling and IFN-I expression in a calcineurin-dependent manner, which may help virus to escape immune elimination. Our results also provide mechanistic insight into the negative regulation of antiviral innate immune response by the neuroendocrine system through kisspeptin/GPR54/calcineurin axis-mediated posttranslational modification of TBK1.
RESULTS

GPR54 modulates IFN-I signaling
To investigate the role of kisspeptin/GPR54 signaling in antiviral innate immunity, we constructed Gpr54-deficient (Gpr54 −/− ) mice (fig. S1A). We infected peritoneal macrophages (PEMs) from Gpr54 +/+ and Gpr54 −/− mice with the RNA virus vesicular stomatitis virus (VSV) to detect the expression of IFN-I. We found that the expression of Ifn- (both mRNA and protein) and IFN-inducible Ifn-4 was significantly higher in Gpr54-deficient PEMs than in their wild-type counterparts (Fig. 1, A and B) . Also, VSV-induced Ifn- was dosedependent ( fig. S1B ). It has been shown that intracellular RNA virus is mainly recognized by RIG-I to produce IFN-, so we transfected PEMs with the RNA viral mimic polyinosinic-polycytidylic acid [poly(I:C)] to explore the influence of GPR54 on RIG-I-associated signaling. As shown in Fig. 1C , intracellular poly(I:C)-induced Ifn- production was enhanced significantly in Gpr54-deficient PEMs.
Next, we also sought to determine whether GPR54 is specific for RNA virus or affects the immune response to different classes of viruses. When we infected the Gpr54-deficient PEMs with the DNA virus herpes simplex virus type 1 (HSV-1), the production of Ifn- was also increased obviously compared to wild-type PEMs (Fig. 1D ). Similar results were also observed in Gpr54-deficient bone marrowderived macrophages (BMMs; Fig. 1 , E and F). Ifn- mRNA expression induced by poly(I:C) (a TLR3 ligand), LPS (a TLR4 ligand), imidazoquinoline compound R848 (a TLR7/TLR8 ligand), or the CpG (cytosine phosphate guanosine) oligonucleotide ODN2395 (a TLR9 ligand) was increased in Gpr54-deficient PEMs ( fig. S1C ). Accordingly, the VSV-activated phosphorylation of TBK1 (Ser 172 ) and transcription factor IFN regulatory factor 3 (IRF3; Ser 396 ), which are responsible for initiating the production of IFN-I, was significantly enhanced in Gpr54-deficient PEMs (Fig. 1G ). Likewise, poly(I:C)-and LPS-induced phosphoryl ation of TBK1 (Ser 172 ) and (G) Immunoblot analysis of phosphorylated TBK1 and IRF3 or total proteins in lysates of Gpr54 +/+ and Gpr54 −/− PEMs infected with VSV (MOI, 1) for the indicated times. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (H) ELISA of IFN- levels in supernatants of GPR54-overexpressing HEK-293T (293T) cells infected with VSV (MOI, 1) for 16 hours. Emv, empty vector. (I) qPCR analysis of IFN- and IFN-4 expression in GPR54-overexpressing HEK-293T cells infected with VSV (MOI, 1) for 12 hours. (J) ELISA of IFN- levels in sera from Gpr54 +/+ and Gpr54 −/− mice given intraperitoneal injection of VSV [1 × 10 8 plaque-forming units (PFU) per mouse] for 24 hours. (K) qPCR analysis of Ifn- expression in the liver, spleen, and lung from mice in (J). GAPDH was used as an internal control for qPCR. Data are representative of three independent experiments (mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001. nd, not detected. IRF3 (Ser 396 ) was also markedly increased in Gpr54-deficient PEMs (fig. S1D). These data indicate that GPR54 regulates IFN-I production in response to a wide range of signals.
To further confirm the influence of GPR54 on IFN- production, we transiently transfected human embryonic kidney (HEK)-293T cells with green fluorescent protein (GFP)-GPR54 (fig. S1, E and F). We found that VSV-stimulated IFN- (both mRNA and protein) and IFN-4 expression was markedly impaired in HEK-293T cells transiently expressing GPR54 (Fig. 1 , H and I). Consistent with the cellular levels, Gpr54-deficient mice produced much more IFN- in the serum (Fig. 1J) , liver, spleen, and lung ( Fig. 1K ) than did their wildtype littermates in response to infection with VSV. Thus, GPR54 was able to negatively regulate the production of IFN-I in antiviral innate immune response both in vitro and in vivo.
GPR54 negatively regulates host defense against viruses
Since GPR54 is involved in virus-induced IFN-I production, we examined its roles in antiviral response. We challenged PEMs and BMMs with RNA virus VSV or VSV-GFP and found that VSV replication ( Fig. 2A ) and VSV-GFP infection ( Fig. 2B ) were also signifi-cantly reduced in Gpr54-deficient PEMs or BMMs. Moreover, the replication of HSV-1 (Fig. 2 , C and D) and Newcastle disease virus (NDV) ( Fig. 2E ) was also suppressed in Gpr54-deficient cells. Furthermore, we transiently expressed GPR54 in HEK-293T cells and found that overexpression of GPR54 facilitated VSV replication in a dosedependent manner ( Fig. 2F ). VSV replication in various organs was also significantly lower ( Fig. 2G ), and lung injury following infection was ameliorated in Gpr54-deficient mice compared to controls ( Fig. 2H ). Consistent with the reduced VSV replication, the survival of Gpr54-deficient mice was much greater than of their wild-type littermates ( Fig. 2I ). Therefore, GPR54 decreased the production of IFN-I and deteriorated the virus-induced tissue damage and mortality.
Kisspeptin restricts virus-induced IFN-I production
As the endogenous ligand of GPR54, Kiss1-encoded neuropeptide hormone kisspeptin is mainly expressed in the hypothalamus and pituitary gland of the neuroendocrine system and performs its functions in an autocrine or paracrine manner (28) . We sought to determine whether kisspeptin functions in regulating the innate immune response to virus infection in a paracrine manner, similar to its role in regulating puberty. First, we checked the expression of Kiss1 and Gpr54 in the hypothalamus and pituitary gland of mice following viral infection and found that, although the expression of Gpr54 (both mRNA and protein) was little changed, the mRNA expression of Kiss1 and the serum concentration of kisspeptin were both highly increased ( Fig. 3 , A and B, and fig. S2A ). In addition, we also found that the expression of Kiss1 was increased in other kisspeptin-containing tissues of mice in viral infection ( fig. S2B ). Although the elevation of Kiss1 in other kisspeptin-containing tissues does not seem to be as strong as in the hypothalamus and pituitary gland, they may systematically regulate antiviral immune response together with the neuroendocrine organs through kisspeptin in a temporal and spatial context. In contrast, PEMs expressed low levels of Kiss1, even in cells infected by VSV ( fig. S2C ). Furthermore, the expression of Gpr54 in VSV-, HSV-1-, and IFN--treated cells was not significantly changed ( fig. S2 , D and E), which is consistent with the expression of GPR54 in hepatitis B virus-infected patients ( fig. S2F ). The localization of GPR54 on the cell membrane was also unchanged (fig. S2, G and H) during viral infection. These results suggest that, in response to viral infection, kisspeptin is secreted mainly by the neuroendocrine organs in vivo rather than the immune cells.
Next, when we pretreated PEMs with kisspeptin-10 (KP-10; a lower-molecular weight form of endogenous kisspeptin) before VSV or HSV-1 infection to explore the potential role of kisspeptin in viral infection, we found that virus-induced mRNA expression of Ifn- was significantly reduced by KP-10 ( Fig. 3C ). In accord with this effect on IFN- expression, the replication of VSV in KP-10 treated cells was increased substantially (Fig. 3D ). In addition, KP-10 also significantly suppressed poly(I:C)-and LPS-induced Ifn- production ( Fig. 3E ), implying that kisspeptin negatively regulates IFN-I. As a classic GPCR, GPR54 couples primarily to G q/11 , leading to intracellular Ca 2+ release and downstream signaling (25) . Thus, we pretreated the VSV-infected cells with 2-aminoethoxydiphenyl borate (2-APB) to block the release of cytosolic Ca 2+ and found that VSV (H) qPCR analysis of Ifn- expression in Gpr54 +/+ and Gpr54 −/− PEMs pretreated with KP-10 (1 M) for 6 hours and then infected with VSV (MOI, 1) for 8 hours. (I) qPCR analysis of Ifn- expression in the liver, spleen, and lung from mice injected with KP-10 (50 l of 1 mM KP-10) and VSV (1 × 10 8 PFU per mouse) for 12 hours and then treated with the same dosage of KP-10 again for 12 hours. (J) qPCR analysis of VSV RNA replicates in organs from mice in (I). GAPDH was used as an internal control for qPCR. Data are representative of three independent experiments (mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
Fig. 4. Calcineurin mediates GPR54-dependent reduction of IFN-I. (A)
HEK-293T cells were transfected with GFP-GPR54-C-ter (GFP-tagged C terminus of GPR54) for 36 hours, then GFP-GPR54-C-ter was immunoprecipitated with GFP antibody, and binding proteins were analyzed by MS. (B) HEK-293T cells were transfected with plasmids encoding GFP-GPR54-C-ter and Flag-CALNA for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to GFP or Flag tags. WCE, whole-cell extracts. (C) HEK-293T cells were transfected with plasmids encoding GFP-GPR54 and Flag-CALNA for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to GFP or Flag tags. (D) HEK-293T cells were transfected with plasmids encoding GFP-GPR54 and Flag-CALNA for 28 hours. The transfected cells were stimulated with KP-10 (1 M) for 6 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to GFP or Flag tags. (E) GFP-GPR54-C-ter was cotransfected with Flag-CALNB or Flag-CALNC into HEK-293T cells for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to GFP or Flag tags. (F) Flag-CALNA was cotransfected with GFP-GPR54-C-ter or GFP-GPR54-C-ter PRR repeats deleted (GFP-GPR54-C-ter-delPRR) into HEK-293T cells for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to GFP or Flag tags. (G) hemagglutinin (HA)-CALNA was cotransfected with GFP-GPR54-C-ter or GFP-GPR54-C-ter-delPRR into HEK-293T cells for 28 hours. The supernatants of cell lysates were immunoprecipitated using a GFP antibody and then immunoblotted with antibodies to HA or GFP tags. (H) Sequence analysis of the PRR repeats of GPR54 indicates that Arg 344 and Arg 346 (in bold) are conserved among species. (I) Flag-CALNA was cotransfected with GFP-GPR54-C-ter or GFP-GPR54-C-ter Arg 344 and Arg 346 mutants (arginine mutated to alanine) into HEK-293T cells for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to GFP or Flag tags. (J) qPCR analysis of Ifn- expression in PEMs transfected with Calna siRNA for 48 hours before stimulated with KP-10 (1 M) for 6 hours and then infected with VSV (MOI, 1) for 8 hours. (K) qPCR analysis of IFN- expression in GFP-GPR54-or GFP-GPR54-R344A-R346A-overexpressing HEK-293T cells infected with VSV (MOI, 1) for 12 hours. WT, wild type. (L and M) Gpr54 +/+ and Gpr54 −/− PEMs were pretreated with KP-10 (1 M) for 6 hours, and the supernatants of cell lysates were immunoprecipitated using a CALNA antibody. The purified protein was used to measure CALNA activity by the standard pNpp method. GAPDH was used as an internal control for qPCR. Data are representative of three independent experiments (mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001.
replication was markedly restricted (Fig. 3F ). Furthermore, the KP-10-induced reduction in Ifn- production was eliminated by 2-APB, suggesting that the function of KP-10 is Ca 2+ -dependent ( Fig. 3G) . Meanwhile, the ability of KP-10 to inhibit Ifn- production also disappeared in Gpr54-deficient PEMs, which confirmed the specific activation of GPR54 signaling by KP-10 ( Fig. 3H ). Thus, kisspeptin restricts virus-induced IFN-I production in a Ca 2+ -dependent manner. Notably, the expression of Ifn- was significantly reduced in organs of KP-10-challenged mice compared with control mice (Fig. 3I) . Accordingly, the replication of VSV in the organs of KP-10-challenged mice was increased obviously (Fig. 3J ). Together, our data suggest that, although the virus-induced expression of kisspeptin mainly occurs in the neuroendocrine system, kisspeptin appears to function in peripheral macrophages to constrain antiviral innate immune response.
Calcineurin mediated GPR54-dependent reduction of IFN-I
It has been reported that there are several overlapping proline-argininearginine (PRR) repeats located within the intracellular domain of GPR54, which could be involved in intracellular signal transduction through binding downstream signaling molecules (29) . So, we investigated the intracellular binding partners of GPR54 through mass spectrometry (MS) to explore the potential mechanism by which GPR54 regulated IFN-I. We found that the serine/threonine-protein phosphatase 2B catalytic subunit  isoform (CALNA) could bind with the C terminus of GPR54 (amino acids 328 to 398; Fig. 4A ). Next, we further confirmed that the exogenous C-terminal (C-ter) cytoplasmic domain of GPR54 ( Fig. 4B ) and full-length GPR54 (Fig. 4C) both efficiently bound to exogenous CALNA by co-immunoprecipitation (CO-IP), and this interaction could be facilitated by KP-10, implying a key role of kisspeptin in the interaction between GPR54 and CALNA (Fig. 4D) . Similarly, the other two calcineurin catalytic subunits  and  (CALNB and CALNC) could also bind with the C terminus of GPR54 (Fig. 4E) . These data indicate that calcineurin is a binding partner of GPR54.
To confirm whether PRR repeats are the specific binding sites in GPR54, we constructed GPR54 deletion mutants lacking the PRR repeats for CO-IP assay. As shown in Fig. 4 (F and G) , CALNA binding was almost abolished in PRR repeats-deleted GPR54. Surprisingly, homology analysis of PRR repeats in GPR54 from different species indicates that only Arg 344 and Arg 346 (in bold) are conserved ( Fig. 4H ) (30) . So, we speculated that Arg 344 and Arg 346 may be the key amino acids involved in interaction between GPR54 and CALNA. Accordingly, when we mutated these two arginines into alanines separately or together, the binding with CALNA was reduced significantly (Fig. 4I ).
To study whether calcineurin mediated kisspeptin/GPR54 regulation of IFN-I, we constructed CALNA knockdown PEMs using three different small interfering RNA (siRNA) sequences ( fig. S3, A and B ). We found that Ifn- production was enhanced and that KP-10-mediated restriction of Ifn- was eliminated in CALNA knockdown PEMs (Fig. 4J ). In addition, overexpression of the GPR54 (R344A and R346A) mutant could not inhibit VSV-induced IFN- expression ( Fig. 4K) . These data suggest that kisspeptin/GPR54 reduced IFN- production in a CALNA-dependent manner.
Next, we sought to determine how CALNA is regulated by kisspeptin/ GPR54. Our data show that the stability of CALNA was not influenced by KP-10 or GPR54 ( fig. S3 , C and D). Considering that kisspeptin/GPR54 restricts IFN-I production in a Ca 2+ -dependent (B and C) HEK-293T cells were transfected with plasmids encoding Myc-TBK1 and Flag-CALNA for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads (B) or a TBK1 antibody (C) and then immunoblotted with antibodies to TBK1 or Flag tag. (D) Purified GST-CALNA protein was incubated with purified His-TBK1. After GST pull-down assay, the proteins were immunoblotted with antibodies to TBK1 or GST tag. (E) HEK-293T cells transfected with Myc-TBK1 and Flag-CALNA for 28 hours were infected with VSV (MOI, 1) for the indicated times. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to TBK1 or Flag tag. (F) PEMs were infected with VSV (MOI, 1) for 8 hours. The supernatants of cell lysates were immunoprecipitated using a CALNA antibody and then immunoblotted with antibodies to CALNA or TBK1. (G) Flag-TBK1 was cotransfected with Flag-CALNB or Flag-CALNC, together with the IFN- luciferase reporter, into HEK-293T cells for 28 hours. IFN- luciferase activity was detected and normalized to Renilla luciferase activity. (H) Myc-TBK1 was cotransfected with Flag-CALNB or Flag-CALNC for 28 hours. The supernatants of cell lysates were immunoprecipitated using M2 beads and then immunoblotted with antibodies to TBK1 or Flag tag. (I) Flag-TBK1 was cotransfected with Flag-CALNA, Flag-CALNA (H151A) or Emvs, together with IFN- luciferase reporter, into HEK-293T cells for 28 hours. IFN- luciferase activity was detected and normalized to Renilla luciferase activity. IB, immunoblotting. (J) HEK-293T cells were transfected with the indicated plasmids. The supernatants of cell lysates were immunoprecipitated using HA beads and then immunoblotted with the indicated antibodies. (K) Purified His-TBK1 from Escherichia coli was incubated with Flag-CALNA or Flag-CALNA (H151A), which had been expressed in HEK-293T cells. In vitro phosphatase assays were performed, and then, proteins were immunoblotted with the indicated antibodies. Data are representative of three independent experiments (mean ± SD). ***P < 0.001. manner and that calcineurin is a Ca 2+ -dependent phosphatase (31), we speculated that the activity of calcineurin may be regulated by kisspeptin/GPR54 signaling. Thus, we treated the wild-type or Gpr54deficient PEMs with KP-10 and found that the activity of CALNA was enhanced by KP-10 in a GPR54-dependent manner (Fig. 4 , L and M). Previous studies have shown that PP2A binds with GPR54 (29) , and PP2A negatively regulates the expression of IFN- (32). Although we confirmed these findings, KP-10-reduced Ifn- production remained in PP2A knockdown cells, which implied that PP2A is not involved in GPR54-mediated regulation of IFN-I ( fig.  S3 , E to G). Together, these results suggest that kisspeptin and GPR54 restrict IFN-I production through regulating calcineurin phosphatase activity.
Calcineurin negatively regulates IFN-I signaling
To further evaluate the negative regulation of IFN-I production by calcineurin, we activated IFN-I production through VSV infection (Fig. 5A ), poly(I:C) transfection (Fig. 5B ), or HSV-1 infection (Fig. 5C ) and found that the expression of IFN-I was enhanced in CALNA knockdown PEMs. Similar data were also observed in poly(I:C)-or LPS-stimulated cells ( fig. S4A ). Consequently, the VSV-induced ( Fig. 5D ), poly(I:C)-induced, and LPS-induced ( fig. S4B ) phosphoryl ation of both TBK1 (Ser 172 ) and IRF3 (Ser 396 ) were significantly increased in CALNA knockdown PEMs. At the same time, we found that VSV replication in CALNA knockdown cells was decreased significantly (Fig. 5E ). In addition, the production of Ifn- was enhanced following treatment with cyclosporin A (CsA; Fig. 5F ) and tacrolimus (FK506) (Fig. 5G) , which are both specific inhibitors of CALNA. Accordingly, the VSV replication in PEMs was reduced by CsA ( Fig. 5H) . Therefore, calcineurin is important in negative regulation of IFN-I signaling.
Calcineurin deactivates TBK1 through dephosphorylation
To further explore the mechanism of calcineurin regulation of IFN-I production, we used an IFN- and IRF3 luciferase reporter to test which components are involved in calcineurin-mediated regulation. We found that the activity of IFN- luciferase were inhibited by CALNA in RIG-I(N)-, STING (stimulator of IFN gene)-, and TBK1-cotransfected HEK-293T cells but not in inhibitor of nuclear factor B kinase Ɛ (IKKƐ)-cotransfected, IRF3-5D-cotransfected (a constitutively active form of IRF3), or IRF7-cotransfected cells (Fig. 6A ). Similar results were also observed in IRF-3 luciferase reporter assay ( fig. S5A ). These results suggest that CALNA may act on TBK1-mediated IFN-I production.
Next, we examined whether CALNA could bind to TBK1. Our data show that CALNA co-immunoprecipitated with TBK1 (Fig. 6 , B and C). Furthermore, prokaryotically expressed CALNA and TBK1 also directly interacted in a glutathione S-transferase (GST) pull-down assay (Fig. 6D) . VSV infection increased the interaction between both exogenous and endogenous CALNA and TBK1 (Fig. 6, E and F) . Similarly, the other two calcineurin catalytic subunits  and  (CALNB and CALNC) also decreased the activity of TBK1-induced IFN- luciferase and also bound to TBK1 (Fig. 6, G and H) . Although the interaction between CALNA and TBK1 was enhanced by VSV infection, KP-10 had no effect on the interaction between TBK1 and CALNA ( fig. S5, B and C) . To further determine which domain of TBK1 is responsible for its interaction with calcineurin, we constructed several deletion constructs of TBK1 ( fig. S5D ). CO-IP ( fig. S5E ) and GST pull-down ( fig. S5F ) assays revealed that all three domains of TBK1 interacted with CALNA. These data together indicate that CALNA binds to TBK1 directly.
As calcineurin-mediated physiological effects occur mainly through the dephosphorylation of its substrates, and mutating histidine 151 inactivates CALNA phosphatase activity (33), we constructed CALNA (H151A) plasmids and examined whether TBK1 is dephosphorylated by calcineurin. Our data demonstrated that CALNA (H151A) barely inhibited the activity of TBK1-induced IFN- luciferase (Fig. 6I) . Consistently, the recruitment of IRF3 by TBK1 was reduced by CALNA but was not influenced by CALNA (H151A; Fig. 6J ). Similar data were also observed in an in vitro dephosphorylation assay, suggesting that CALNA phosphatase activity is crucial in restricting TBK1 phosphorylation at Ser 172 , which is important in TBK1-mediated IFN-I signaling (Fig. 6K) . Although GSK3 could facilitate TBK1 phosphorylation at Ser 172 in a kinase-independent manner (5) , an interaction between CALNA and GSK3 was not observed in a CO-IP assay ( fig. S5G ). Also, in CALNA knockdown PEMs, LPS-induced TBK1 phosphorylation was increased obviously, but the phosphorylation and stability of GSK3 were unchanged ( fig. S5H ), suggesting that CALNA-reduced TBK1 phosphorylation is independent of GSK3. Furthermore, although IRF3 could be dephosphorylated by both PP1 (34) and PP2A (32), CALNA could not bind with IRF3, although it has structural similarities with PP1 and PP2A ( fig. S5I ). When we cotransfected HEK-293T cells with TBK1, the C terminus of GPR54, and CALNA, CALNB, or CALNC, both TBK1 and the C terminus of GPR54 could bind with calcineurin ( fig. S5J ). In addition, overexpression of GPR54 only inhibited phosphorylation of TBK1 (Ser 172 ) but not affected phosphorylation of IKKƐ (Ser 172 ) or phosphorylation of IRF7 (Ser 477 ), which are both important proteins in IFN-I signaling pathways ( fig. S5K ). Consistent with this observation, CALNA could not bind to IKKƐ or IRF7 in GST pull-down assays ( fig. S5L ). Collectively, these results suggest that the kisspeptin/ GPR54/calcineurin axis could reduce virus-induced IFN-I production through specifically binding and dephosphorylating TBK1.
DISCUSSION
Here, we uncover a novel regulatory loop centered on kisspeptin and GPR54 that functions to limit the intensity of antiviral innate immune response ( fig. S6 ). In this loop, viral infection induces kisspeptin secretion from kisspeptin-containing tissues. Kisspeptin activating GPR54 in peripheral immune cells induces binding of calcineurin to the GPR54 cytoplasmic domain and results in calcineurin activation in a Ca 2+ -dependent manner. Calcineurin, in turn, dephosphorylates TBK1 and inhibits IFN-I production. Thus, kisspeptin/ GPR54 signaling forms a negative feedback loop to limit TBK1 signaling and IFN-I expression, which may constitute a virusexploited immune evasion pathway during infection.
While IFN-I is protective in acute viral infection, it can have either protective or deleterious roles in bacterial infection and autoimmune diseases (3). Thus, the IFN-I response must be tightly regulated by host, pathogen, and environmental factors to maintain immune homeostasis. As the most crucial kinase in IFN-I signaling, TBK1 not only phosphorylates the downstream transcription factors IRF3 and IRF7 to induce inflammatory cytokines and IFN-I production but also activates a series of adaptor proteins such as MAVS (mitochondrial antiviral signaling protein), STING, and TRIF [toll/interleukin-1 receptor (TIR) domain-containing adaptor inducing IFN-], which are all crucial in the antiviral innate immune response (35) . Here, we found that the kisspeptin/GPR54/calcineurin axis targets and dephosphorylates TBK1 to negatively regulate TBK1-mediated IFN-I production and antiviral immunity. This is slightly different from the work of Kang et al. (36) , who reported that calcineurin negatively regulates inflammatory response through inhibiting MYD88 (myeloid differentiation factor 88), TRIF, and a subset of TLRs in macrophages. We cannot rule out a contribution of these pathways downstream of calcineurin in regulating macrophage antiviral IFN response. However, Liu et al. (35) found that TBK1 could phosphorylate TRIF to induce IRF3 activation and IFN-I production. Thus, whether inhibition of TRIF by calcineurin is mediated by TBK1 in regulation of IFN-I still needs to be further investigated. At any rate, our findings highlight TBK1 as a crucial target of the kisspeptin/GPR54/calcineurin axis in regulating antiviral innate immune response.
Several GPR54 inactivating mutations have been reported in patients displaying hypogonadotropic hypogonadism (37) . Also, a patient with GPR54-activating mutation (Arg 386 Pro) was found with central precocious puberty (38) . While immune sequelae of GPR54 inactivating or activating mutations have not been reported to date, kisspeptin is highly produced by the placenta and contributes to the formation of immune tolerance to antigens of the fetoplacental unit during pregnancy through regulation of adaptive regulatory T and T helper 17 cells, as well as IDO (indolamin 2,3 dioxygenase) expression by monocytes (27) . In light of our findings, we would predict immune sequelae in humans bearing GPR54 mutations. Thus, it would be intriguing to examine the susceptibility or immune injury of bodies in these GPR54-activated or GPR54-inactivated patients during viral infection.
In addition to our findings here, calcineurin is a novel phosphatase involved in TBK1-mediated IFN-I production, and PPM1A (9, 10), PPM1B (11), and PP4 (12) all bind to and dephosphorylate TBK1. Unique among these phosphatases, the activity of calcineurin is Ca 2+ -dependent and specifically regulated by kisspeptin/ GPR54-associated GPCR signaling during viral infection. The Ca 2+dependent kinase calcium/calmodulin-dependent protein kinase II was activated by TLR-induced Ca 2+ and found to facilitate IFN-I production through phosphorylating TAK1 (transforming growth factor -activated kinase 1) and IRF3 (39) , suggesting that the role of Ca 2+ in antiviral innate immune response is complicated. We speculate that the contradictory role may be due to different sources of Ca 2+ (TLRs or GPCRs). Although TLRs and some viruses could induce release of Ca 2+ , Ca 2+ was not detected after VSV infection (40) , which indicates that calcineurin activity may be independent of virus-induced Ca 2+ . At any rate, our data provide new evidence about how Ca 2+ works as a switch in regulation of antiviral innate immune response through balancing the activities of kinases and phosphatases.
The calcineurin-specific inhibitor CsA has been widely used as an immunosuppressive agent, in preventing rejection following solid organ transplantation and treating graft-versus-host disease following bone marrow transplant, as well as in autoimmune diseases such as psoriasis, rheumatoid arthritis, and nephrotic syndrome (41) . However, CsA was found to inhibit the replication of both hepatitis C virus (HCV) (42) and HIV (43) . Furthermore, a series of studies demonstrated that CsA restricts the replication of rotavirus (44) and HCV (45) through up-regulating IFN-I production. Similarly, when we inhibited the activity of calcineurin with CsA, the virus-induced IFN- increased significantly, which may partially explain why CsA could be used in treating viral diseases. Thus, viral infectious diseases could be a new indication for CsA, repurposing the "old" immunosuppressive agent into novel applications. It is well known that virus-stimulated severe inflammation could be a main reason for tissue damage, serious respiratory problems, ultimately multiple organ failure, and even death. Thus, treating patients with CsA for viral infectious diseases may reduce overactive inflammation and virus replication, which could have synergistic effects in treating viral diseases.
Together, we identified kisspeptin as a novel virus-induced neuropeptide hormone that activates GPR54 to negatively regulate IFN-I production and control the intensity of antiviral innate immune response. As the most important drug targets, about 50% of current therapeutic drugs on the market target GPCRs directly or indirectly (16) . Thus, our study demonstrated a new avenue to develop drugs targeting GPCRs to treat viral diseases, by inhibiting the kisspeptin/ GPR54/calcineurin axis to enhance antiviral response. Cell culture HEK-293T, HeLa, Raw264.7, and Vero were purchased from the American Type Culture Collection and cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. PEMs and BMMs were prepared, as described previously (46) .
MATERIALS AND METHODS
Chemicals, reagents, and antibodies
Plasmids and transfection
Flag-RIG-I(N), Flag-MAVS, Flag-TBK1, Myc-TBK1, STING-HA, HA-GSK3, Flag-PPP2CA, Flag-PPP2CB, Flag-CALNA, Flag-CALNB, Flag-CALNC, IFN- reporter, and Renilla plasmids were gifts from P. Wang (Tongji University). Flag-IRF3-5D mutant and Flag-IRF7 plasmids were provided by D. Xie (Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences). IRF3 reporter plasmids were provided by X. Wang (Zhejiang University). HA-CALNA and HA-IRF3 were purchased from Biogot Technology. GFP-GPR54 plasmid was obtained from GeneCopoeia, and GFP-GPR54-R344A-R346A was constructed into the same vector by point mutation. Flag-CALNA (H151A) and Flag-IKKƐ were cloned into Flag-pcDNA3.1. GFP-GPR54-C-ter (328-398aa), GFP-GPR54-Cter-delPRR (358-398aa), GFP-GPR54-C-ter-R344A, GFP-GPR54-C-ter-R346A, GFP-GPR54-C-ter-R344A-R346A, GFP-TBK1, or GFP-TBK1 truncates were cloned into GFP-pcDNA3.1. His-TBK1, His-IRF3, His-IKKƐ, His-IRF7, and His-CALNA were cloned into pet28a. GST-CALNA, GST-TBK1, and GST-TBK1 truncates were cloned into pGEX-4T-2. All plasmids and mutants were constructed by standard PCR techniques. All constructs were sequenced. Transfection was performed using the calcium phosphate-DNA coprecipitation method for HEK-293T cells and Lipofectamine 2000 (Invitrogen) for HeLa cells, according to the manufacturer's protocols. Cells transfected with the same amount of Emv were used as control and normalized for transfection efficiency.
Luciferase reporter assay HEK-293T cells were transfected with IFN- or IRF3 reporter plasmids together with Renilla plasmids and other described gene constructs for 28 hours. The cells were lysed and measured for luciferase activity with a dual-luciferase assay, according to the manufacturer's instructions (Promega).
RNA interference
PEMs were seeded into 12-well plates at 1.5 × 10 6 cells per well overnight and transfected with 50 nM siRNA using transexcellent-siRNA [from Y. Cheng (East China Normal University)] for 48 hours, according to the manufacturer's protocol. The PEMs transfected with the same amount of universal nontargeting siRNA were used as a negative control (siNC). Mouse Ppp2ca-specific siRNA oligos (SR409313) and Calna-specific siRNA oligos (SR416619) were purchased from OriGene.
Real-time qPCR
Total RNA were extracted with a TRIzol reagent (Takara) and subjected to reverse transcription with PrimeScript RT Master Mix (Takara). The reverse transcription products were amplified by real-time qPCR using SYBR Green PCR Master Mix (Yeasen). Primers for each cytokine and gene are listed in table S1.
Enzyme-linked immunosorbent assay
Human or mouse IFN- in cell culture supernatants or sera from virusinfected mice were measured by human IFN- ELISA kits (Shanghai Yinggongshiye Inc.) or mouse IFN- ELISA kits (BioLegend) according to the manufacturer's instructions. kisspeptin1 levels in sera from virus-infected mice were measured by a mouse kisspeptin1 ELISA kit (MyBioSource) according to the manufacturer's instructions.
Immunoprecipitation analysis and immunoblot analysis
Transfected cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 1 mM EDTA, and 0.5% NP-40] containing 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, and 1 mM Na 3 VO 4 . The supernatants of cell lysates were immunoprecipitated with 10 l of M2 beads/HA beads for 3 hours at 4°C. To detect endogenous protein interactions, PEMs were infected with VSV (MOI, 1) for the indicated times, and cells were lysed in Cytobuster Protein Extraction Buffer (Novagen) and then incubated with the indicated antibody and 20 l of protein A/G beads for 6 hours at 4°C. After extensive washing, beads were heated at 100°C for 15 min, separated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose membranes, and blocked with 5% bovine serum al-bumin (BSA), followed by immunoblotting with the indicated antibodies. The immunoreactive bands were visualized by the Odyssey system (LI-COR Biosciences).
GST pull-down assay
GST and GST-fusion proteins were purified with Glutathione Sepharose 4B from E. coli for 2 hours. Then, the beads were washed three times and incubated with E. coli lysates that expressed Histagged proteins at 4°C for 2 hours. Precipitates were extensively washed and subjected to SDS-PAGE.
Virus propagation
Indiana serotype of VSV and HSV-1 were provided by P. Wang (Tongji University). NDV-GFP virus and VSV-GFP virus were gifts from J. Han (Xiamen University) and A. Cimarelli (Ecole Normale Supérieure de Lyon), respectively. All viruses were propagated in a monolayer of Vero cells, and the titers were determined by standard plaque assays.
Mice
Gpr54-deficient mice (C57BL/6) were generated as previously described (24) . Primers used for the identification of mutated mice are 5′-GCCTAAGTTTCTCTGGTGGAGGATG-3′ (wild-type), 5′-GTGGG AT TAGATAAATGCCTGCTCT-3′ (knockout), and 5′-CGCGTACC TGCTGGATGTAGTTGAC-3′ (common). Age-and sex-matched mice were used for related experiments. All mice were bred in specific pathogen-free rooms. Animal procedures were approved by the Institutional Animal Ethics Committee of East China Normal University.
Lung histology
Lungs from control or VSV-infected mice were dissected, fixed in 4% paraformaldehyde, embedded into paraffin, sectioned, stained with hematoxylin and eosin, and examined by light microscopy for histologic changes.
KP-10 challenge in vivo
The in vivo KP-10 challenge was performed as previously described (47) , with minor modifications. Briefly, adult mice were intraperitoneally injected with 50 l of 1 mM KP-10 or 50 l of phosphatebuffered saline (vehicle control) and given intraperitoneal infection of VSV (1 × 10 8 PFU per mouse) for 12 hours. Then, the mice were treated with the same dosage of KP-10 or phosphate-buffered saline again. Twelve hours later, mice were killed, and organs were collected to examine cytokines and VSV replication.
Immunofluorescence
HeLa and Raw264.7 cells were transfected with GFP-GPR54 for 28 hours, and the transfected cells were infected with VSV (MOI, 1) for the indicated times. Then, the cells were fixed in 4% paraformaldehyde. Next, the fixed cells were permeabilized using 0.1% Triton X-100 and stained for nucleic acids with 4′,6-diamidino-2-phenylindole (0.4 g/ml). GFP-GPR54 localizations were observed under an LSM 510 Meta confocal system (Zeiss; original magnification, ×100).
Flow cytometry
Gpr54 +/+ and Gpr54 −/− PEMs were infected with VSV-GFP (MOI, 0.01) for 12 hours, and VSV-GFP was measured by FACS (BD Biosciences) and analyzed using FlowJo software.
In vitro phosphatase assay
Flag-CALNA or Flag-CALNA (H151A) proteins were immunoprecipitated from cell lysates of HEK-293T cells transfected with plasmids encoding Flag-CALNA or Flag-CALNA (H151A), respectively. His-TBK1 protein was purified from E. coli and then subjected to in vitro phosphatase assay in phosphatase buffer [100 mM tris (pH 7.5), 100 mM NaCl, 0.4 mM CaCl 2 , 200 nM calmodulin, BSA (100 g/ml), 1 mM MnCl 2 , and 0.5 mM dithiothreitol]. Reactions continued for 1 hour at 30°C and were stopped by the addition of 2× SDS loading buffer.
Calcineurin activity assay with pNpp
Gpr54 +/+ and Gpr54 −/− PEMs were starved overnight and then treated with KP-10 (1 M) for 6 hours. Endogenous CALNA was immunoprecipitated from cell lysates with immunoglobulin G or CALNA antibody, and its phosphatase activity was measured by the pNpp method as previously described (48) .
MS analysis
In brief, HEK-293T cells were transfected with plasmids encoding GFP-GPR54-C-ter (GFP-tagged C terminus of GPR54) for 36 hours, the supernatants of cell lysates were immunoprecipitated using GFP antibody, and the binding proteins were analyzed by MS (Shanghai Wayen Biotechnologies Inc.). Binding partners of GFP-GPR54-C-ter identified by MS analysis are listed in table S2.
Statistical analysis
Kaplan-Meier curves present mouse survival rates. All data were analyzed by a Student's t test using Prism 5.0 (GraphPad Software). Except for the indicated mean ± SEM in the text, all values are shown as means ± SD. In all tests, P values less than 0.05 were considered to be statistically significant.
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